In Ni-based superalloys, the rafted structure is known to form in the early stage of creep and to get into wavy morphology in the final stage of creep at elevated temperatures. This rafting phenomenon is essentially related to the anisotropic relaxation of the lattice misfit between the and 0 phases due to the creep strain under the external stress. In this study, in order to simulate comprehensively from the formation to collapse processes of the rafted structure by the phase-field method, a new idea that the anisotropy increases with simulation time is employed in the calculation of the elastic strain energy in alloy. This idea corresponds to the phenomenon that creep strain increases with creep time. The results are in good agreement with the microstructural change observed in practical Ni-based alloys.
Introduction
Ni-based superalloys consisting of the precipitated 0 phase (L1 2 structure) in the matrix with face-centered cubic structure are applied to gas turbine materials because of their excellent mechanical properties such as creep strength at high temperatures. In aging process, the cuboidal 0 strengthening phase precipitates and arranges along the h100i crystallographic directions in the matrix. In creep process, it is known that the rafted structure is formed, i.e. the cuboidal microstructure changes into the lamellar structure, in which plate like and 0 phases are stacked alternately, in the early stage of creep. Then, in the final stage of creep life, the rafted structure collapses and gets into wavy morphology.
1) The creep strength is strongly related to this morphological change. In fact, there are some reports that the remarkable creep strength originates from the rafted structure, because dislocation movement is interrupted by the = 0 interfaces which lay with a large angle against the slip plane. 2, 3) For this reason, many attentions have been focused on the mechanism of rafting phenomenon.
The study on the rafting mechanism has been performed in elastic and elastic-plastic regimes. [4] [5] [6] However, it seems not possible to explain all the rafting phenomena in the framework of pure elasticity theory, because there has been some reports that the pre-crept sample forms the rafted structure by the following aging without an external load. [7] [8] [9] Recently, in the elastic-plastic regime associated with the role of the interfacial dislocations on the = 0 interfaces introduced during creep under the external load, Ichitsubo et al. estimated the elastic strain energy and discussed the elastic stability of the rafted structure; 10) they concluded that the anisotropic relaxation of the lattice mismatch due to the creep dislocations leads to the change in the microstructure from a cuboidal structure into a parallel or normal rafted structure in terms of reduction of the self-strain energy. 10) In addition, Ratel et al. reported that the rafted shape and its direction could be explained by the energetic analysis based on the inclusion theory with anisotropic elasticity in the matrix with plastic strain.
11)
It is possible to simulate complicated microstructures by the phase-field method using a set of field variables which change continuously in the interfaces. There have been some models of the phase-field method for simulating microstructure evolutions in Ni-Al alloys. [12] [13] [14] Also, there are a few reports about the simulation of the rafting phenomena, 15) but a comprehensive simulation from the formation to the collapse of the rafted structure has not been reported as long as we know.
The purpose of this study is to perform the comprehensive simulation of the change in the rafted structure corresponding to creep deformation using the phase-field method based on the elastic strain energy calculation taking account of the anisotropic relaxation of the lattice mismatch.
Calculation Model
In order to simulate morphological change of the and 0 phases, the volume fraction of the 0 phase, f ðr; tÞ, and three long-range order parameters s i ðr; tÞði ¼ 1; 2; 3Þ which describe the four different domains in the L1 2 phase structure are chosen as field variables. These field variables vary spatially ðrÞ and temporally ðtÞ. Usually, alloy composition, cðr; tÞ, is used as a field variable, [12] [13] [14] [15] but in this study, f ðr; tÞ is used instead of cðr; tÞ, because f ðr; tÞ is suitable to treat the multi-component system when the phase field method is applied to the practical Ni-based alloys. The temporal evolution of the field variables is given by solving the following Cahn 
where G sys is the total free energy of the system, M is the diffusion mobility and L is the structural relaxation coefficient. The total free energy of the system is given by the sum of the chemical free energy (G c ), interfacial energy (gradient terms) (E surf ) and elastic strain energy (E str ), and it is written as
In this study, the Gibbs free energy curve of ( þ 0 ) twophase region is expressed by the chemical free energy function proposed by Koyama. 16) The function is
where W 1 and W 2 are the coefficients determined by the Gibbs energy calculation based on the sub-lattice model using the thermodynamic database. The first term in eq. (4) is the double-well function which assures the separation of and 0 phases. The second term assures the ordering of the 0 phase and the local minima of G c appear at ðs 1 ; s 2 ; s 3 Þ ¼ ð1; 1; 1Þ, ð1; À1; À1Þ, ðÀ1; 1; À1Þ and ðÀ1; À1; 1Þ, because f ¼ 1 where the 0 phase exists. 12) These four cases correspond to the four different domains in the L1 2 structure. Figure 1 shows the calculated Gibbs energy curve of ( þ 0 ) two-phase region in Ni-Al alloy at 1273 K based on the twosub-lattice model. The values of W 1 and W 2 can be obtained as the values shown in Fig. 1 . In a multi-component system, Gibbs energy curve of the ( þ 0 ) two-phase region gives W 1 and W 2 values in a similar manner used in Ni-Al system.
In this study, the interfacial energy is employed as the gradient energy of the field variables, that is
where f and s are the gradient energy coefficients. 17) Since accurate data on experimental interfacial energy is not available even in Ni-Al binary alloy, the gradient energy coefficients are determined so that the calculation results can reproduce the microstructure of the practical Ni-Al alloys.
The elastic strain energy arising from the lattice misfit between the and 0 phases is estimated based on the micromechanics. 18, 19) The elastic strain is expressed as 
Here, C ijkl is the elastic-constant tensor and is assumed to be elastically anisotropic. k is the unit vector of the reciprocalspace vector k, " The misfit strain between and 0 phases is given by
and
Here, a and a 0 are the lattice parameters of the and 0 phases, respectively. In this study, the plastic deformation observed in creep experiments are introduced into the matrix with the misfit strain by " p along the [001] tensile stress. 11) In this case, the lateral directions undergo a plastic strain of À" p =2 and hence the misfit strain of the the 0 phase induced by the creep deformation is expressed as
As a result, when the misfit strain and the creep deformation-induced misfit strain (creep strain) exist, the total misfit strain (eigenstrain) " Ã is expressed as the sum of "
T and " P , that is
3. Results and Discussion
Elastic strain energy
The elastic constant of the phase is different from that of the 0 phase, but elastic strain energy caused by the difference Phase-Field Simulation on the Formation and Collapse Processes of the Rafted Structure in Ni-Based Superalloysin the elastic constant is negligible when the creep strain exists. In this study, therefore, the same elastic constants as pure Ni, which are c 11 ¼ 250:8 GPa, c 12 ¼ 150:0 GPa and c 44 ¼ 123:5 GPa, 20) were used for the two phases in the calculation of the elastic strain energy. Figure 2 shows change in the elastic strain energy with the shape change of the 0 phase as a function of 1 À c=a, where the shape of the 0 phase is represented by a Â a Â c in dimensions. In this calculation, " 0 ¼ À0:0133 was used as the misfit strain and the volume fraction of the 0 phase was set to be 0.5. In  Fig. 2 , the calculation results are shown in three cases, i.e., the creep strain " P of the phase along the [001] direction are 0 ( ), 0.0266 ( ) and 0.0466 ( ), respectively. Here, the axial ratio c=a of the rod-shape and the disc-shape of the 0 phases are assumed to be 1.414 and 0.5, respectively, when the volume fraction of the 0 phase was set to be 0.5. Generally, the elastic strain energy increases when the creep strain is introduced, and hence each of the three cases in Fig. 2 cannot be compared with each other. In other words, each case predicts the stable shape of the 0 phase at a creep strain. When " P ¼ 0, the eigenstrain has spherical symmetry and the value of the elastic strain energy is independent of the shape change of the 0 phase. However, as the creep strain " P increases, the spherical symmetry of the eigenstrain changes into tetragonal symmetry. As a result, the elastic strain energy decreases with rafting, though it increases for the rodshape structure; see the case of " P ¼ 0:0266 in Fig. 2 . Thus, the anisotropic relaxation of the lattice mismatch due to the creep strain reduces the elastic strain energy, resulting in the change in the shape of the 0 phase from the cuboidal structure to the rafted structure. Here, if the creep deformation proceeds until "
Þ becomes a positive value, i.e. if " P exceeds 0.0266 in this case, a remarkable result is obtained concerning the stable shape of the 0 phase. Figure 3 shows the change in the elastic strain energy at 1 À c=a ¼ 0:5 with increasing the creep strain gradually. From the figure, it can be said that the rafted structure becomes stable as the creep strain increases, but it becomes unstable when " P exceeds 0.0266, i.e. when " Figure 4 shows the relation between the stable shape of the 0 phase and the ratio of t 1 ¼ "
18) When the creep strain exists and t 1 is between 0 and 1, the (001) raft is the stable structure and the rafting phenomena occurs. However, if the creep strain increases and t 1 becomes less than 0, i.e. if " Based on the analysis of the elastic strain energy as shown in Figs. 2, 3 and 4 , the formation and collapse processes of the rafted structure can be understood. Actually there has been a report that the stable orientation of the lamellar plane changes as the creep deformation proceeds.
21)

Phase-field simulation
Simulations were performed by solving the two sets of equations, eqs. (1) and (2) numerically, using the explicit method under the periodic boundary conditions. The coefficients of the chemical free energy in eq. (4) were determined as W 1 ¼ 133 and W 2 ¼ 877 J/mol from the Gibbs energy curve at 1273 K calculated based on the thermodynamic database 22) as shown in Fig. 1 . The average volume fraction of the 0 phase was set to be f 0 ¼ 0:5 and the gradient energy coefficients were chosen as f ¼ s ¼ 5:0 Â 10 À15 Jm 2 /mol. In the calculation of the elastic strain energy, values c 11 ¼ 250:8 GPa, c 12 ¼ 150:0 GPa, c 44 ¼ 123: 5 GPa 20) and " 0 ¼ À0:0133 were used in this study. Time step Át was selected to be 0.2 so as to maintain the stable solution. The 0 phase is expressed as white area. First of all, simulation was carried out using only the misfit strain without any creep strain up to t ¼ 5000, assuming that the specimen was aged simply at this temperature. The result is shown in Fig. 5(a) . In this case, the eigenstrain has spherical symmetry, and the cuboidal shape of the 0 phase arranged along the h100i crystallographic directions is observed due to only the anisotropic elastic interaction. After t ¼ 5000, the increase of the creep strain at the constant rate d" P =dt ¼ 6:66 Â 10 À7 under the [001] tensile stress is introduced by assuming that the creep strain increases during creep. This creep strain relaxes the lattice mismatch in (001) plane. Thus, during t ¼ 5000{45000 (Fig. 5(a) -(e)), it is observed that the cuboidal 0 structure gradually changes into the rafted structure and the rafted structure becomes stable in terms of the elastic strain energy. When t becomes more than 45000, i.e. when "
Þ becomes a positive value, the rafted structure collapses and gets into wavy morphology as shown in Fig. 5(e)-(h) . This means that the rafted structure becomes unstable. This is consistent with the fact that the rafted structure is stable when " Figure 6(a) shows a microstructure obtained from the experiment of a nickel based superalloy (Ni-14.0 mol%Cr-10.8%Al-3.8%Co-2.5%W-1.9%Ta-1.5%Ti-0.3%Mo), 1) which was designed for land-base gas-turbines, crept at 1193 K for 1145 h. A part marked by a square in Fig. 6(a) is enlarged in Fig. 6(b) . Figure 6 (c) shows the simulation microstructure at t ¼ 75000 obtained in this study. The simulation result is in good agreement with the microstructural change of practical Ni-based alloys.
Conclusions
The phase-field method has been adopted to simulate comprehensively from the formation to collapse process of the rafted structure in Ni-based alloys. In this work, on the basis of the elastic-plastic consideration, anisotropic relaxation of the lattice misfit between the and 0 phases due to the creep strain is introduced by increasing the creep strain " P with simulation time in a constant rate. The microstructural evolution of the 0 phase in the creep process is reproduced well in this simulation; the stabilization and the following destabilization of the rafted structure. This result is in good agreement with the microstructural change of practical Nibased superalloys.
